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[1] CO2 fluxes for six stand types are inferred by decomposing eddy-covariance (EC)
fluxes measured at a 447-m tower using footprint models and ecosystem models in a case
study. The functional parameters in the ecosystem models are estimated for each stand
type utilizing temporal EC flux series. The results show differences in terms of the
functional parameters and fluxes among the different stand types that are consistent with
general expectations for the respective stand types. The fluxes, in addition to
measurements at two nearby short towers, are used for flux aggregation in the region.
Comparisons suggest that it is critical for flux aggregation to distinguish the wetland
from the upland. A distinction among three upland forests and between forested
and lowland wetlands could be important, too. The difference in aggregated values of net
ecosystem-atmospheric exchange of CO2 with the watershed function classification
scheme and with the stand-type level classification scheme can reach about 250 gC m�2

season�1 over the entire growing season. Analyses suggest that the six-stand classification
scheme still does not capture all the variability in stand characteristics relevant to CO2

exchange. In addition, the varying fluxes for the same stand type with location in the
region challenge the widely used land-cover-based ecosystem classification scheme. It is
improper to use EC measurements at any single tower to approximate CO2 fluxes in the
region. Implications may help identify key ecosystem types and design more
measurements in the region. Limitations and future efforts are discussed.
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1. Introduction

[2] Terrestrial ecosystems play a critical role in the global
carbon cycle. To date, there is still significant uncertainty
about how much carbon dioxide (CO2) is absorbed by
terrestrial vegetation and what factors control this process
[Intergovernmental Panel on Climate Change (IPCC),
2001] due to the lack of observations; this leads to large
uncertainty in predictions for the future uptake or release of
CO2 in the global environment [Cao and Woodward, 1998;
Cramer et al., 2001; Huntingford et al., 2000; IPCC, 2001;
Pan et al., 1998; Woodward and Kelly, 1995; Woodward
et al., 2002]. Currently, the net ecosystem-atmosphere
exchange of CO2 (NEE) can be inferred on global and
somewhat on continental scales by means of inverse mod-
eling [Bousquet et al., 1999; Ciais et al., 1995; Enting et al.,
1995; Gurney et al., 2002; Tans et al., 1990], and NEE can

also be directly observed on local scales (of order 1 km2 or
smaller) using techniques such as tower-based eddy covari-
ance (EC) [Baldocchi et al., 2001, and references therein].
NEE, however, is rather difficult to measure over regions
with mixed land covers between 1 km2 and the globe in
area.
[3] One approach to estimating CO2 fluxes in a hetero-

geneous region is to extrapolate flux measurements for
each identified ecosystem type to the region with an
assumption of similarity of ecosystems based on a classi-
fication scheme within the landscape [Mackay et al., 2002].
Given the flux measurements and proportions of the
identified ecosystem types that constitute the region, re-
gional fluxes can be estimated. This spatial aggregation is
straightforward, but still difficult to carry out in practice
owing to the demands of identifying important ecosystem
types, and then gathering sufficient information on both the
distribution of the ecosystems of all types and the fluxes
for each ecosystem type. No general theory exists to
determine what level of ecosystem classification is accept-
able in terms of both the accuracy of the classification data
and the representativeness of the measurements for each
ecosystem type. In principle, regional fluxes can be esti-
mated more accurately by conducting measurements for
more ecosystem types.
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[4] It is, however, usually impractical to make flux
measurements for a large number of ecosystem types in a
region with mixed ecosystem types. In this regard, tower-or
aircraft-based EC flux measurements over a mosaic of
mixed ecosystem types can help. Such measurements usu-
ally cannot be directly adopted to approximate fluxes in the
region because they may not be representative of the
fractional coverage of ecosystem types within the region,
or may miss some important ecosystem types, but they can
be used to infer NEE values for individual ecosystem types
since EC fluxes can be interpreted as the weighted averages
of the NEE values for all ecosystem types in their footprint
areas [Horst and Weil, 1994; Schmid, 2002] and can be
possibly decomposed. It is believed that assigning EC
fluxes to multiple individual ecosystem types is a reasonable
way to extend tower- or aircraft-based EC measurements to a
region and benefits the interpretation of the measurements as
well. With the inferred NEE values for more ecosystem types
and existing measurements, regional NEE estimates would
be more reliable. Chen et al. [1999], for example, proposed a
scheme to successfully separate aircraft flux measurements
into fluxes for specific land cover types. Ogunjemiyo et al.
[2003] also used a multiple regression model to relate
aircraft flux measurements to the fractional distribution of
surface land cover types. Both studies indicate that conduct-
ing flux decomposition is a promising approach to estimate
the NEE values for specific ecosystem types. No similar
analyses, however, have yet been applied to tower-based
measurements, whose long duration in time can capture
long-term flux variability and integrals.
[5] In northern Wisconsin, NEE measurements have been

made at three levels on a 447-m-tall tower over a mosaic of
upland and wetland ecosystems for several years [Davis et

al., 2003]. We attempt to infer the stand-level fluxes for the
dominant ecosystems around the tall tower by decomposing
the measured EC flux temporal series. One goal of this
paper is to demonstrate this decomposition approach. The
other is to examine the aggregated fluxes in a region using
the decomposed fluxes and existing flux measurements with
different classification schemes. A stand-level classification
scheme is introduced as the framework for making compar-
isons and regional flux aggregation. Analyses suggest that
there are significant differences among aggregated fluxes
based on different classification schemes and measurements
at any single EC tower may not approximate CO2 fluxes in
the region.

2. Site and Measurements

2.1. Site Description

[6] The study site is located in the Chequamegon
National Forest, centered at a tall communication tower
(WLEF-TV) (45.9455878�N, 90.272304�W). The tower is
about 15 km east of Park Falls, Wisconsin. A 60 km �
60 km land cover map is presented in Figure 1. The spatial
resolution of the map is 30 m. The land cover data provided
by WISCLAND (Wisconsin Initiative for Statewide Coop-
eration on Landscape Analysis and Data) were derived
from LANDSAT Thematic Mapper (TM) satellite imagery
[Wisconsin Department of Natural Resources (WiDNR),
1998]. Dominant vegetation types in this region are mixed
coniferous and deciduous forests, lowland and wetland
forest. Deciduous forests comprise about 70% of the land-
scape according to the WISCLAND classification scheme
[WiDNR, 1998]. Topography in the region is flat to gently
sloping. More detailed descriptions of vegetation in the

Figure 1. Distribution of land cover classes in the 60 km � 60 km region centered on the WLEF tower
(45.9455878�N, 90.272304�W) in northern Wisconsin, USA. The three pluses represent the locations of
the WC, LC, and WLEF towers. Data source is WISCLAND [WiDNR, 1998]. The flux aggregation is
conducted in the 40 km � 40 km area centered at WLEF.
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vicinity of the WLEF tower can be found in the literature
[Burrows et al., 2002; Davis et al., 2003; Mackay et al.,
2002].

2.2. Tower-Based Measurements

[7] Fluxes of energy, water, and CO2 are measured using
the EC method at the WLEF, Willow Creek (WC), and Lost
Creek (LC) towers (Figure 1). Similar measurement meth-
odology and data processing techniques (including data
screening criteria) are applied at the three towers [Berger
et al., 2001; Cook et al., 2004; Davis et al., 2003; Wang et
al., 2005]. Flux measurements have been conducted at three
levels, i.e., 30, 122, and 396 m, on the 447-m WLEF tower
since 1995 [Davis et al., 2003]. CO2 mixing ratio data,
traceable to WMO primary standards, are collected at 11,
30, 76, 122, 244, and 396 m [Bakwin et al., 1998]. Air
temperature, humidity, wind speed and direction are mea-
sured at 30, 122, and 396 m. Other micrometeorological
variables, for example, radiation, soil temperature and mois-
ture profiles, are measured at several locations in the region
around the tower. Canopy height, while highly variable from
stand to stand, reaches a maximum of 20–25 m.
[8] At the WC tower, flux data are collected at 30 m

above the ground. CO2 mixing ratio, wind, temperature and
humidity data are collected within and above the canopy
which is about 20–25 m tall. Radiation, soil temperature,
and soil moisture profiles are measured. The tower is
located at a mature upland forested area with mixed
deciduous species dominated by sugar maple. Detailed
descriptions of the instrumentation and land cover at this
site are given by Cook et al. [2004]. Similar measurements
are conducted at the LC tower that is 10 m tall. The tower is
located at a mixed lowland and forested wetland area.
Canopy height is typically 1–2 m and consists primarily
of alder and willow. Vegetation covers typically within the
flux footprints are mixed wetland and upland forests at
WLEF, upland deciduous forests at WC, and wetlands at
LC.
[9] Flux and micrometeorological data collected in 2000

and 2003 are used in this study. Data in 2001 are excluded
because a tent-caterpillar outbreak significantly altered
summertime fluxes. Flux data at the WLEF tower in 2002
are not reliable because of an error in the data collection

system. In the following analyses, the growing season is
defined as the months of May through September.

2.3. Ecosystem Classification

[10] In this study, ecosystems are classified based on plant
function and watershed function, following categories that
have been shown significant in a study of regional evapo-
transpiration [Mackay et al., 2002]. Although a detailed
classification of land covers is provided in the WISCLAND
data product [WiDNR, 1998], we regroup them for two major
reasons. First, the system of equations to be solved becomes
intractable if there are too many unknowns, and the number
of unknowns is proportional to the number of land cover
types. Therefore any land cover type whose percentage area
within the footprints for flux measurements is smaller than
5% is combined with others. Second, likely significant
differences in characteristics of NEE within the types of
upland forests and within the types of wetlands are taken into
account, which potentially alters the results of landscape-
scale water and CO2 fluxes estimated by the aggregation
approach.Mackay et al. [2002] examined how forest species
types in northern Wisconsin affect landscape-scale water
fluxes and pointed out that the distinction between aspen
and other hardwoods is needed because of high growth rate of
the aspen. In consideration of the above factors, the ecosys-
tems are classified into six types (Table 1). The ecosystems
are also classified into wetland and upland according to
watershed functions as a comparison. In the calculation,
CO2 fluxes for open water and roads are assumed to be zero.

3. Equations and Methods

[11] The vertical turbulent flux for a passive scalar (e.g.,
CO2) measured at height zm can be related to the spatial
distribution of surface fluxes through a footprint function
[Horst and Weil, 1994; Schmid, 2002; Schuepp et al., 1990],
i.e.,

Fm x; y; zmð Þ ¼
Z 1

�1

Z x

�1
F0 x0; y0; 0ð Þf x� x0; y� y0; zmð Þdx0dy0;

ð1Þ

where x and y are the horizontal coordinates; F0 and Fm are
the fluxes at the surface and measured at height zm,

Table 1. Ecosystem Classification

Level 1-Watershed
Function Level,

Watershed Functions

Level 2-Stand Type Level

Ecosystem Types Land Cover Classes Included Fractional Area,a %

Forested upland I coniferous, mixed
coniferous and deciduousb

14.3

II aspen 18.5
III other upland deciduousc 17.4

Wetland IV lowland shrub wetlandd 18.0
V forested wetlande 16.2

Others VI other land cover classesf 15.6
aFractional areas of the six ecosystems in the 40 � 40km2 region centered at the WLEF tower.
bExamples include jack pine, red pine, and white spruce, etc.
cExamples include Oak and Maple etc.
dThis stand type includes woody vegetation, less than 20 feet tall, with a tree cover of less than 10%, and occurring in

wetland areas.
eThis stand type includes wetlands dominated by woody perennial plants, with a canopy cover greater than 10%, and trees

reaching a mature height of at least 6 feet [WiDNR, 1998].
fThis stand type includes urban/developed, agriculture, grassland, open water, shrub land, and barren.
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respectively; f is the footprint function describing the
contribution of each unit element of the upwind surface area
to Fm.
[12] Assuming that the whole ecosystem can be classified

into n types and the NEE for a specific ecosystem type is
independent of location, we can rewrite equation (1) for the
measurement at (0, 0, zm) when zm is within the surface layer
as

Fm 0; 0; zmð Þ �
Xn
i¼1

NEEð Þi�wi

� �
; ð2Þ

where (NEE)i is the NEE for the ith type of ecosystem,
which is unknown and to be determined; wi denotes the
weight of the NEE for the ecosystem type i to the measured
flux, which can be expressed as

wi ¼

Z 1

�1

Z 0

�1
H x0; y0ð Þf �x0;�y0; zmð Þdx0dy0

Z 1

�1

Z 0

�1
f �x0;�y0; zmð Þdx0dy0

; ð3Þ

whereH is a sign function that is equal to 1 if the ecosystem at
location (x0, y0) belongs to type i, and 0 otherwise. The
denominator of equation (3) is approximately equal to 1when
zm is within the surface layer, and 1 � zm/h, where h is the
convective boundary layer (CBL) depth, when zm is above
the surface layer in CBL [Horst and Weil, 1994]. Given the
footprint function and the distribution of ecosystems (and
hence wi), it is theoretically possible to estimate NEE values
for the n ecosystem types (n = 6 in this study, see Table 1) by
solving a set of linear equations as long as the number of the
flux measurements for a given time is equal to or greater than
the number of the ecosystem types. In practice, flux records
from aircraft measurements can be divided into several
segments equal to or more than the number of ecosystem
types and fluxes for each ecosystem type can be directly
solved [Chen et al., 1999; Ogunjemiyo et al., 2003]. For
tower-based measurements, implementing such direct de-
composition requires fluxes measured simultaneously in the
region at several towers or heights, or both, whose total
number is at least equal to the number of the ecosystem types.
It is, however, impractical to conduct flux measurements at a
large number of towers or heights within the study region.
Alternatively, we can utilize the long temporal record of
continuous tower-based flux measurements. The footprints
of the measurements vary with meteorological conditions
such as wind direction and stability, leading to time-
dependent sampling areas and wi. Using ecosystem models
to express the NEE of CO2 as functions of environmental
variables, we can solve for the parameters in the models for
different ecosystems on the basis of equation (2). We call this
approach indirect decomposition, for the NEE values are
calculated using parameters derived in the ecosystemmodels.
This decomposition can span a long period of time.

3.1. Ecosystem Models

[13] A widely-used rectangular hyperbolic equation
[Ruimy et al., 1995] is selected to describe daytime NEE
response to light intensity

NEE ¼ aIPm

aI þ Pm

þ Rd ; ð4Þ

where I is the photosynthetically active radiation (PAR), a
is the apparent quantum yield (the slope of the light curve at
I = 0); Pm is the maximum assimilation rate at saturated
PAR, and Rd is the respiration rate that is assumed to be
constant in this model.
[14] The ecosystem nighttime respiration rate, R, is usu-

ally described as a function of temperature. A review of
respiration models is given by Lloyd and Taylor [1994]. In
this study, the Van’t Hoff’s exponential model is selected to
describe the ecosystem respiration rate at night, which is
mathematically equivalent to the widely used Q10 equation,

R ¼ R10Q
T�10
T

10 ; ð5Þ

where T is soil or air temperature in degrees C, R10 is the
reference respiration rate at T = 10�C; Q10 represents the
increase in respiration for every 10 degree rise in
temperature. Although more complicated models, for
example, considering the effects of moisture, are needed
in some cases [Reichstein et al., 2002; Ricciuto et al., 2006],
the exponential model is selected for its simplicity to test
our decomposition method, as is the light response model
equation (4). Simple models, similar to a limited number of
ecosystem types, improve the stability of the inversion
calculation. The air temperature measured at 30 m on the
WLEF tower is used in the calculation in the expectation
that it is better representative of temperature in the broad,
mixed forest footprint area than the soil temperature
measured at any single point.

3.2. Footprint Models

[15] The flux footprint, f(x, y, zm), can be written as the
product of a crosswind-integrated footprint, f y(x, zm), and a
crosswind concentration distribution function, Dy(x, y),

f x; y; zmð Þ ¼ f y x; zmð Þ � Dy x; yð Þ; ð6Þ

where x is the upwind distance and y is the crosswind
distance from the centerline. Dispersion in the crosswind
direction is assumed to be symmetric and Dy is modeled as a
Gaussian function of x and the standard deviation of the
plume in the crosswind direction (sy) [Horst and Weil,
1992; Schmid, 2002]. sy = c1x(1 + c2x)

�1/2, where c1 is
taken as 0.32 under unstable conditions and 0.16 under
near-neutral conditions; c2 is taken as 0.0004 to consider
relatively the large roughness values over the forest [e.g.,
Arya, 1999].
[16] The crosswind integrated footprint function, f y, is

estimated within the surface layer using the model derived
by Horst and Weil [1994, 1995], which combines solutions
from analytical and Lagrangian stochastic dispersion
models for the cross-wind integrated concentration distri-
bution for near-surface sources [Horst, 1979; van Ulden,
1978]. The footprint is a function of the surface roughness
length (z0) and the Monin-Obukhov length (L).
[17] An empirical formula is used to estimate the cross-

wind-integrated footprint for measurements above the sur-
face layer only under strongly unstable conditions. The
formula is derived by adjusting the analytical solution for
an idealized CBL to closely match a stochastic model with
more realistic atmospheric conditions [Wang et al., 2004].
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[18] In this study, the Monin-Obukhov length is calculated
using the sensible heat and momentum fluxes directly
measured at the tall tower. The roughness length, z0, and
zero-plane displacement, d, are estimated using logarithmic
wind profiles for near-neutral conditions. z0 and d are
estimated to be in the range of 0.8 to 1.1 m and 15.5 to
16.4 m, respectively, using the measured wind speeds at 30
and 122 m. Therefore z0 and d are approximated as 0.9 and
16 m, respectively, for computing the footprints of the
measurements in the CBL within which land covers are
mostly mixed forested wetlands and uplands. We assume
that CO2 is released or absorbed at the level of d above the
surface when footprints are estimated. To a first approxi-
mation, z0 and d are taken as 0.2 and 6 m, respectively, for
computing the surface layer footprints in the following
calculations as a case study. These values are between those
for grasses and forests since footprint areas are covered by
both forests and grasses. The reason for picking these values
and the sensitivity of results to the surface layer footprint
uncertainty will be discussed in section 4.4. CBL height is
estimated using the empirical formula derived from radar
data during campaigns in 1998 and 1999 at the WLEF tower
[Yi et al., 2001].

3.3. Solving the Equations

[19] Substituting equations (4) and (5) into equation (2),
we can write the measured daytime fluxes as

Fm tð Þ ¼
Xn
i¼1

aiPmiI tð Þ
aiI tð Þ þ Pmi

þ Rdi

� �
� wi tð Þ; ð7Þ

and at night as

Fm tð Þ ¼
Xn
i¼1

R10iQ
T tð Þ�10

10

10i

� �
� wi tð Þ; ð8Þ

where a, Rd, Pm, R10, and Q10 with the subscript i represent
the parameters defined in the ecosystem flux models for the
ith ecosystem type; I, T, wi and Fm are functions of time t.
[20] The time series of the measured fluxes and estimated

weights comprise a set of equations with 3 � n and 2 � n
unknowns for daytime and nighttime cases, respectively. As
long as the number of the equations is greater than or equal
to the number of unknowns, the unknowns can be deter-
mined. In this study, we used the Levenberg-Marquardt
algorithm [Rodgers, 2000], which combines the steepest
descent and inverse-Hessian function fitting methods, to
find the optimal solutions for the nonlinear equations by
minimizing the following objective function:

J ¼
XN
j¼1

yj � Yj p
*

� �� �2

s2j
þ b

XNp
k¼1

pk � Pkð Þ2

s0k
2

; ð9Þ

where N is the total number of the data points; Np is the
number of the parameters (p

*
: p1, p2, . . ., pNp) (unknowns)

of the model; yj is the measured flux; Yj is the modeled flux
with the Np parameters; Pk is the prior information for the k-
th parameter, which is estimated by fitting equations (4) and
(5) to the same data during a period of time and served as
the first guess value; sj and sk

0 are the standard deviations of

yj and Pk, respectively. The second term on the right-hand
side of the above equation can be interpreted as the
extended data used to constrain the solution [Enting, 2002].
Since we are uncertain about how to quantify errors in the
measured fluxes and the simulated footprints, all standard
deviations are assumed to be equal in the following
experiments. The nonnegative parameter b is introduced
to adjust the weight of the prior information. The solutions
are in general closer to the prior values as the value of b
increases. Not many stable solutions can be obtained if b is
too small for the cases at night. Numerical experiments
suggest that the solutions can distinguish the parameters
among the ecosystem types with b of 0.1 (day) and 1 (night)
(note that the first guess values of each parameter are the
same among the different ecosystem types). The central
values and uncertainties for the solved parameters are
estimated as the arithmetic mean and the standard deviation
of the results for an analyzed period such as a month. This
calculation is performed on blocks of data that are seven days
to a fewweeks long, depending on the availability of the data.

3.4. Optimal Selection of Data

[21] Owing to the limited amount of the valid flux data
and the availability of reliable footprint estimates, flux
measurements at three levels are combined to use. Gaps
with no valid flux data exist especially at the upper levels
because of the logistics of servicing instruments on the
WLEF tower and harsh environmental conditions [Davis et
al., 2003]. During the growing seasons of the two study
years, roughly 80%, 38%, and 35% of hours had available
CO2 fluxes from 30 m, 122 m, and 396 m of the tower,
respectively, when the Monin-Obukhov length can be
estimated. With the availability of CBL depth being con-
sidered, only 8% and 9% of the time had available CO2

fluxes for 122 m and 396 m levels, respectively. Unfortu-
nately, not all of those available three-level flux measure-
ments can be used to estimate the weights (equation (3))
in that footprint estimates either cannot be made currently
or are questionable in some cases. Therefore data are
selected and the selection criteria are different in the day
and at night, depending on footprint estimates and data
availability.
3.4.1. Daytime
[22] Typical fetches of flux footprints are approximately

10 times measurement height above the source level under
strong convective conditions, and 100 times in neutral
conditions [Horst and Weil, 1992; Schmid, 2002]. Fetches
of footprint for flux measurements at 122 and 396 m, which
can be a few kilometers, are larger than those at 30 m
(hundreds of meters to 1 km) (see an example of compar-
ison of footprints and source areas at the three levels under
unstable conditions [Wang et al., 2004]). Unfortunately,
quantifying the footprints above the surface layer has not
been studied extensively and models for practical uses are
not well developed. In this study, footprints are estimated
only under strongly unstable conditions (jL/hj < 0.1). As a
result, the available flux data under other stability condi-
tions cannot be used. In this case, only 10% of the daytime
hours both had available flux measurements and had esti-
mated CBL depth for each of the two high levels. The 30-
m-level measured fluxes roughly 80% of the daytime.
However, under strongly convective conditions it is likely
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that the 30-m level could be influenced significantly by the
clearing (grassy area) around the tower with a radius of
roughly 150 m; this is special for this tall tower site. In this
case, the weights for some of the ecosystem types under study
can be too small, which bring difficulties in solving the
equations. In addition, it is uncertain to use the surface layer
model to estimate footprint for the 30-m level because the
footprint area is covered by mixed grasses and forests under
strongly unstable conditions and the requirement for appli-
cation of the footprint model (homogeneous flows) may be
seriously violated. Therefore the available 30-m flux data are
used only under weak unstable to neutral conditions (�L >
100 m) (about 50% of the daytime hours) in the day, while
122m and 396m (often above the surface layer) data are used
only under strongly unstable conditions. This selection is
similar to the discussion byDavis et al. [2003] about optimal
algorithm for computing WLEF NEE.
3.4.2. Nighttime
[23] At night, only data measured at 30m are used

because the 122-m and 396-m levels are near or above
the top of the nocturnal boundary [Yi et al., 2001] and most
likely decoupled from the surface [Davis et al., 2003,
Figure 1]. Another reason is that the footprints for the two
high levels cannot be quantified. The selected data are limited
to near-neutral conditions (L > 300 m) because current
footprint models are not well defined and the flux measure-
ment is often decoupled from the surface under very stable
conditions. Roughly 27% of nighttime data are retained.
Typical fetches of nighttime flux footprints are 100 times or
greater than measurement height above the source level.

4. Results

[24] Results based on WLEF and WC data for 2000 and
2003, and LC data for 2003 (the tower was installed in the
midst of the 2000 growing season) are combined to conduct
statistical tests. Unpaired and paired t-test methods are used
for comparing the results between sites, and among the
ecosystems in the WLEF footprint area, respectively.
Parameters are considered significantly different when p-
values are smaller than 0.05, and slightly different when p-
values are between 0.05 and 0.32, where p is the probability
that the null hypothesis was true [Ott, 1993].

4.1. Daytime Parameters for Different Ecosystems

[25] The parameters are estimated using the hourly-mean
data grouped in windows of seven consecutive days. The
window is sequentially marched through the data record by
increments of 1 day for the time period from May through
September in each of the 2 years. For any period of data, all
available daytime data (PAR > 0) based on the criteria in
section 3.4 are selected. Solutions are rejected (about 30%)
if they exceed the range of reasonable values from the
literature: �1 < a < 0, 0 > Pm > �100 mmol m�2s�1, and 0
< R < 15 mmol m�2s�1 [Ruimy et al., 1995].
4.1.1. Seasonal Patterns
[26] As an example, seasonal patterns of all ecosystem

model parameters derived from data collected during the
growing season of 2000 are shown in Figure 2. Light-
saturated assimilation and daytime respiration rate peak
generally in summer for all ecosystems. The patterns are
similar to those derived from the WC flux measurements. In

contrast to those parameters, not all the apparent quantum
yields, a, of the ecosystems vary significantly with season,
which is consistent with what is reported in many other
studies [e.g., Luo et al., 2000; Nilsen and Sharifi, 1994].
4.1.2. Seasonal Average Apparent Quantum Yield, A
[27] No significant differences in the seasonal average

quantum yields estimated for the ecosystems (types I–VI)
in the WLEF footprint area and observed at the tower sites
are found (Table 2). The overall value of the average
quantum yield is about �0.05 mmolC/mmol quanta.
4.1.3. Seasonal Average Light-Saturated
Assimilation Rate, Pm

[28] In the WLEF footprint area, the forested wetland
ecosystem (type V) and aspen ecosystem have larger
magnitudes of light-saturated assimilation rates (Pm) than
the others (Table 2). The aspen ecosystem has the largest Pm

among the three upland forest ecosystems (types I, II, and
III) in the WLEF area, implying (1) strongest potential for
CO2 uptake in the day and (2) different responses of the
various upland ecosystems to the same environmental con-
ditions. The second implication is significant for aggregat-
ing fluxes from stand levels to regions.
[29] The magnitude of Pm of the aspen ecosystem (type II)

is significantly larger than that of the mature upland decid-
uous forests (type III), consistent with the high growth rate of
aspen relative to later successional species such as maple and
supporting the need to distinguish between aspen and later
successional deciduous forests for flux aggregation in this
region as reported in a previous evapotranspiration study
[Mackay et al., 2002]. The light-saturated assimilation rate
measured at the WC upland deciduous site is close to that
inferred for the aspen ecosystem in theWLEF area, but larger
than that for the mature upland deciduous forests (type III).
[30] With respect to the wetland ecosystems, the forested

wetland ecosystem has a larger magnitude of Pm value than
the lowland shrub wetland ecosystem. The light-saturated
assimilation rate measured at the LC site (most similar to the
lowland shrub wetland ecosystem) is smaller than that of the
same ecosystem type in the WLEF area. The ‘‘other’’
category, a mixture of shrub, grassland, agriculture, etc.,
has a small value of jPmj compared to forested ecosystems.
4.1.4. Seasonal Average Daytime Ecosystem
Respiration Rate, Rd

[31] The intercept of the light response curve when PAR
is equal to zero, i.e., Rd in equation (4), can be interpreted as
the mean respiration rate of an ecosystem in the day, which
is one of methods used to estimate the respiration rate
despite uncertainty [Ruimy et al., 1995]. The respiration
rates estimated for all three types of upland forest ecosystem
(types I, II, and III) in the WLEF footprint area are larger
than the rate derived using data measured at the WC upland
deciduous forest site. Similarly, the respiration rates for both
types of wetland ecosystem (types IV and V) in the WLEF
footprint area are significantly larger than that for the
wetland ecosystem at the LC site, respectively. Those
comparisons imply that the respiration rates measured at
WC and LC differ in some ways from the corresponding
types of ecosystem in the WLEF footprint area. This
presents serious difficulty for regional upscaling according
to the land-cover-based ecosystem classifications.
[32] Among the six types of ecosystem in the WLEF

footprint area, not all the inverted results show statistically
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significant differences in Rd. Because of the critical role of
respiration in the regional carbon cycle, the respiration rates
are further analyzed using nighttime data in the next section,
which may be more robust.

4.2. Nighttime Functional Parameters for
Different Ecosystems

[33] Nighttime data (PAR = 0) based on the criteria in
section 3.4 are selected to estimate the parameters in the

respiration model for the six ecosystem types. The
selection criteria result in many nighttime data points
being screened out. As a result, the data window width
is expanded to 20 days to ensure that sufficient data
points are available to solve the set of equations. April
through October data are utilized in these analyses. The
results are rejected (about 40%) if they do not meet the
following criteria: 0 < R10 < 15 mmol m�2s�1 and 0 <
Q10 < 4 [Ruimy et al., 1995].

Table 2. June to August 2000 and 2003 Averages and Standard Errors of the Three Parameters, a, Pm, and Rd,

in the Light-Response Model (Equation (4)) for the Six Ecosystem Types in the WLEF Footprint Areaa

Stand Type or Tower Nameb a, mmolC/mmol quanta Pm, mmolC/m2/s Rd, mmolC/m2/s

I. mixed coniferous/deciduous �0.051 ± 0.004 �28.6 ± 1.8 6.4 ± 0.3
II. aspen �0.046 ± 0.004 �38.9 ± 2.4 7.1 ± 0.3
III. other deciduous �0.054 ± 0.004 �24.5 ± 1.4 6.8 ± 0.4
IV. lowland wetland �0.052 ± 0.004 �23.5 ± 1.9 6.4 ± 0.3
V. forested wetland �0.048 ± 0.003 �34.8 ± 2.3 6.2 ± 0.3
VI. others �0.056 ± 0.003 �13.5 ± 0.6 5.0 ± 0.2
Willow Creek tower �0.055 ± 0.002 �37.3 ± 1.1 4.9 ± 0.2
Lost Creek tower �0.055 ± 0.003 �12.5 ± 0.2 3.5 ± 0.1

aIn this case, results in May and September are not included to reduce the seasonal variability in the comparisons of the
parameters among ecosystem types. The parameters fitted to the WC and LC data are also shown. CO2 fluxes for open water
and roads are assumed to be zero.

bTower names are italicized.

Figure 2. Monthly variation of the inferred functional parameters in the light-response model (equation
(4)) for the six ecosystem types in the WLEF footprint area in the growing season in 2000. The
parameters fitted to the WC and undecomposed WLEF tower data (dotted lines) are also shown for
comparison. The error bars are the standard deviations of the means.
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4.2.1. Seasonal Patterns
[34] As expected, R10 is generally larger in the growing

season than in the dormant season (Figure 3). The average
values of R10 for the six ecosystem types in the WLEF area
vary from 2 to 6 mmol m�2s�1 in summer. In general, both
observed and inferred Q10 values are not a strong function
of the season, indicating little change in the sensitivity of
respiration to temperature across seasons. This result sug-
gests that the respiration could be sensitive to other factors
such as soil moisture and wetland water table depths at this
mixed wetland and upland site. Preliminary research
implies that soil moisture may be a significant factor in
describing ecosystem respiration in the region [Ricciuto et
al., 2006].
4.2.2. Seasonal Average R10

[35] The growing season average R10 observed at the WC
site is smaller than those of the footprint-decomposed mixed
coniferous and deciduous forests (type I) and aspen forests
(type II) in the WLEF footprint area, and slightly smaller
than that for the mature deciduous forest ecosystems (type
III) (Table 3). With respect to wetland ecosystems, R10 at

the LC site is smaller than those for both wetland ecosys-
tems (types IV and V) in the WLEF footprint area.
4.2.3. Seasonal Average Q10

[36] There is no significant difference between the Q10

values for the WC and LC sites. Among the upland forest
ecosystems (types I, II, and III) in the WLEF footprint area,
the aspen ecosystem has the largestQ10. The lowland wetland
(type IV) has a smaller Q10 value than the forested wetland
(type V). The forested wetlands have a Q10 similar to the
upland forest ecosystems. These comparisons imply that the
sensitivities of respiration to temperature change may be
different among the upland forests with different functional
types and species, and between the different wetland types.
[37] In addition, the WC site has a Q10 similar to the

upland forest ecosystems (types I, II, and III) and the
forested wetland ecosystem in the WLEF footprint area.
The LC site has a larger Q10 than the lowland shrub
wetlands (type IV), but the value is similar to the forested
wetlands (type V), in the WLEF footprint area, implying
that the responses of similar stand types may vary at
different sites.

Figure 3. Monthly variation of the inferred functional parameters in the respiration model (equation (5))
for each ecosystem type in the WLEF footprint area from April to October in 2000. The parameters fitted
to WC and undecomposed WLEF data are also shown for comparison. This analysis uses only nighttime
flux data. The error bars are the standard deviations of the means.
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4.3. Comparison of Daily Integrated Fluxes

[38] Figure 4 shows the May through September average,
integrated daily NEE, ecosystem respiration (ER), and gross
ecosystem production (GEP) estimated for the six ecosys-
tem types in the WLEF footprint, as well as these same
products for the WC, LC and un-decomposed WLEF tower
data. The respiration model (equation (5)) and parameters
derived using nighttime data are used to calculate daytime
ecosystem respiration. NEE values are calculated by using
equations (4) and (5) during the daytime and at night,
respectively. In the calculation, the missing parameters of
days are approximated as the respective monthly mean
values. The gross ecosystem production is calculated by
subtracting the daytime respiration rate from the daytime
NEE of CO2, i.e., GEP = NEE � ER. The error bars
represent the estimated standard error due to the variation
of the daily integrated fluxes (resulted from variation of
environmental variables and derived model parameters).
4.3.1. Average Daily Ecosystem Respiration, ER
[39] Among the three tower sites, the highest and lowest

ER values are observed at the WLEF and LC sites,
respectively (Figure 4a). ER for the upland deciduous forest
at the WC site is smaller than ER for the three upland forest
stand types (types I, II, and III) in the WLEF footprint area.
Aspen shows the highest ER among upland forest types.
Forested wetlands (type V) exhibit the highest ER among
wetland types. The lowland shrub wetland ecosystem (type
IV) has a larger ER than the LC site. The comparison
indicates that ER differs among upland forest ecosystem
types and between wetland ecosystem types, as well as
between similar ecosystem types at different sites.
4.3.2. Average Daily Gross Ecosystem
Production, GEP
[40] The highest GEP (in magnitude) is observed at the

WC site, with the lowest value being at the LC site. The
WLEF site has an intermediate average daily GEP
(Figure 4b) in contrast to its high ER among three tower
sites. Aspen (type II) and forested wetland (type IV) exhibit
a GEP similar to the WC site. The mixed coniferous and
deciduous (type I) and other upland deciduous forest
(type III) types have somewhat lower GEP.
[41] The magnitude of the average daily GEP for the

lowland shrub wetland ecosystem measured at the LC tower
is slightly smaller than that for the same ecosystem type

inverted in the WLEF footprint area (type IV), both of
which have smaller GEP than the forested wetland ecosys-
tem (type V).
4.3.3. Average Daily Net Ecosystem-Atmosphere
Exchange, NEE
[42] Among the three tower sites, the WC site has the

highest net uptake of CO2 followed by the LC site. The net
uptake of CO2 (jNEEj) measured at WLEF site is the small-
est. Among the six ecosystem types in the WLEF footprint
area, the mixed coniferous and deciduous ecosystem (type I)
has a slightly larger jNEEj than the other two upland forest
ecosystems. jNEEj for the forested wetland ecosystem (type
V) is larger than that for the lowland shrubwetland ecosystem
(type IV) and nearly equal to that for the mixed coniferous
and deciduous upland forest ecosystem (types I) in theWLEF
footprint area. All forested upland ecosystems and the
lowland shrub wetland ecosystem (type IV) have smaller
jNEEj values in theWLEF footprint area than the ecosystems
at the WC site and at the LC site, respectively.

4.4. Impacts of Surface Layer Footprint
Uncertainty on Solutions

[43] To test how sensitive the derived ecosystem model
parameters are to the surface layer footprint, we compared
the results using different simulated footprints through
changing footprint model parameters (z0, d, and sy). We
calculate the footprints for measurements in the surface
layer with the following values of z0 and d in an increasing
order of the footprint area at a given stability: (1) z0 = 0.5 m
and d = 15 m; (2) z0 = 0.4 m and d = 10 m; (3) z0 = 0.3 m
and d = 8 m; (4) z0 = 0.2 m and d = 6 m; (5) z0 = 0.1 m and
d = 4 m. Meanwhile, footprints are also computed with two

Table 3. Averages and Standard Errors of the Two Functional

Parameters, R10 and Q10, in the Respiration Model (Equation (5))

for Each Ecosystem Type in the Growing Seasons (May Through

September) in 2000 and 2003a

Ecosystem Type or Tower Site Nameb R10, mmolC/m2/s Q10

I. mixed coniferous/deciduous 3.2 ± 0.25 1.7 ± 0.10
II. aspen 3.7 ± 0.25 1.9 ± 0.10
III. other deciduous 3.1 ± 0.34 1.7 ± 0.09
IV. lowland wetland 2.9 ± 0.20 1.6 ± 0.05
V. forested wetland 3.6 ± 0.40 1.9 ± 0.11
VI. others 2.7 ± 0.23 1.5 ± 0.07
Willow Creek tower 2.7 ± 0.06 1.8 ± 0.08
Lost Creek tower 2.0 ± 0.15 1.9 ± 0.14

aParameters fitted to the two stand-level towers (WC and LC) are also
shown. Only nighttime flux data are used in this analysis. CO2 fluxes for
open water and roads are assumed to be zero.

bTower names are italicized.

Figure 4. Average daily integrated (a) ecosystem respira-
tion flux, (b) gross ecosystem production, and (c) NEE, over
the period of the growing seasons (May through September)
in 2000 and 2003. Note that the Lost Creek data are not
available in 2000. The error bars are the standard deviations
of the means.
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different horizontal diffusion coefficients in the instance of
case 4, i.e., (6) z0 = 0.2 m, d = 6 m, and sy is half of that
in case 4; (7) z0 = 0.2 m, d = 6 m, and sy is twice of that
in case 4.
[44] Figure 5 compares the May through September

averaged values of Pmax and Rd in the light response model
(equation (4)), and R10 in the respiration model (equation
(5)) inferred using the surface layer footprints in the seven
cases. The footprints for measurements above the surface
layer remain the same. The differences in the seasonally-
averaged Pmax among ecosystem types are significant for all
cases (Figure 5a). Overall, the results are fairly consistent
across the ranges of z0, d, and sy except for case 1.
Assuming that the light-saturated assimilation and respira-
tion rates for ecosystem VI (Table 1) would be the smallest
among all ecosystems, the results of case 4 could be
interpretable, which is reported in this manuscript as a case

study. It should be pointed out that more advanced models
should be used to simulate the footprint more precisely
under this complex condition (inhomogeneous surface); this
is one of priorities in the future efforts in order to apply the
decomposition method described here in practice.

5. Discussion

5.1. Can WLEF Measurements Approximate
Regional Fluxes? A Footprint Perspective

[45] From the perspective of footprints, we examine if flux
measurements at the WLEF tower can be used to approxi-
mate the aggregated fluxes in the region. Eddy-covariance
fluxes can be interpreted as the weighted averages of the
fluxes from various stand types in the footprint areas
(equation (2)). As an example, Figure 6 presents the mean
weights (equation (3)) for daytime EC measurements at the
three levels of the WLEF tower in the growing season in
2000. Note that footprints for measurements at 30 m under all
unstable conditions are included in this calculation.
[46] The 30-m level is influenced significantly by

the grassy clearing at the base of the tower. In contrast,
the 122-m and 396-m footprint areas are mostly covered
by the forested upland and wetland ecosystems. Owing to
varying footprints (Figure 6), daytime flux with the 30-m
footprint is roughly 2.4 mmol m�2 s�1 less negative than
that with the 122-m footprint during the growing season,
while daytime flux with the 122-m footprint is roughly
0.6 mmol m�2 s�1 less negative than that with the 396-m
footprint. In this evaluation, we assume that all fluxes
are measured in the surface layer (30 m) and PAR is
2000 mmol m�2 s�1. The weights of the stand types sampled
at 122 and 396 m are closer to the fractional areas of the stand
types distributed in the region (Table 1) than at 30 m, implying

Figure 5. May through September averaged parameters of
(a) Pm, (b) Rd in the light response model, and (c) R10 in the
respiration model vary when the surface layer footprints are
estimated using different z0 and d values (see text). Case 1:
z0 = 0.5 m, d = 15 m; case 2: z0 = 0.4 m, d = 10 m; case 3: z0
= 0.3 m, d = 8 m; case 4: z0 = 0.2 m, d = 6 m; case 5: z0 =
0.1 m, d = 4 m; case 6: z0 = 0.2 m, d = 6 m, sy is reduced by
a factor of 2; case 7: z0 = 0.2, d = 6 m, sy is doubled. Note
that footprints for the measurements above the surface layer
remain the same in all cases.

Figure 6. The mean weights of each stand type for
daytime flux measurements from the three levels of the
WLEF tower during May through September of the year
2000. The 30 m footprints are calculated under near-neutral
to unstable conditions. When the acceptor heights are above
the surface layer, as is often the case for 122 m and 396 m
flux measurements, footprints are computed only for
strongly unstable conditions. Each error bar represents the
standard deviation of the calculated hourly weights during
the season.
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that daytime measurements at higher levels might be closer to
the area-averaged fluxes in the region. Note that this analysis
assumes that the six stand types we have chosen properly
represent CO2 fluxes in the region and that the horizontal
advection impacts can be reduced after long-term average. The
implication is consistent with that in a subsequent study that
compares daytime NEE measurements at three levels of the
WLEF tower with NEE inferred from a regional CO2 budget
method (W. Wang et al., submitted manuscript, 2005). In
addition, footprints vary with time (1 order difference between
daytime and nighttime) and hence the weights of stands to
measured fluxes can change with time over this heterogeneous
area. As a result, it is hard to interpret the temporally integrated
(e.g., daily and yearly) NEE measurements at WLEF partic-
ularly when differences in NEE among stand types are
significant. Davis et al. [2003] discussed this issue and
proposed an algorithm for computing NEE with combination
of three-level data.

5.2. Comparison of the Ecosystem Responses to
Environmental Conditions at the Three Sites

[47] To extend tower measurements to the region, it is
critical to assess whether NEE for each stand type in the
WLEF footprint area and NEE measured at the WC and LC
towers would be representative in the entire region or not.
Choosing a classification scheme is one of the most impor-
tant steps to make such an assessment. Two classification
schemes are used in the following and possible implications
are discussed.
5.2.1. Wetland-Upland Classification
[48] The upscaling hypothesis that the fluxes measured at

the WLEF site are area-weighted averages of the fluxes
measured at the LC and WC sites is utilized to assess
whether the measurements at the two short towers can
represent the NEEs for all the wetlands and uplands in the
region, respectively. In this hypothesis, all ecosystems are
categorized into upland or wetland ecosystems based on
watershed functions (Table 1).
[49] According to this hypothesis, the average daily

integrated GEP and ER at the WLEF site should be an
intermediate value between those measured at the LC and
WC sites, respectively. The hypothesis cannot be rejected
for the average daily integrated GEP because the GEP at the
WLEF is in between those at the two other sites. The data,
however, show that the average daily ER measured at the
WLEF site is larger than either of the other two sites
(Figure 4). Consequently, there is no way the weighted
mean of the observed ER at the WC and LC towers can
equal that at the WLEF tower. The hypothesis must be
rejected unless the error in the measurements is greater than
the difference (unlikely in this case). The rejection of this
hypothesis indicates that the watershed-function level of
classification is insufficient for upscaling in the region. In
other words, the responses of some stand types within the
category of wetland, or within the category of forest upland,
or both, to the same environmental conditions can be
significantly different from one another, particularly in terms
of respiration rates. Another implication from the rejection is
that the fluxes could be different for the same stand types at
different sites. Both implications are supported partially by
the comparisons of the fluxes and functional parameters
among stand types and among sites in section 4.2.

5.2.2. Six Stand Type Classification
[50] Since the watershed-function-based classification

scheme is obviously insufficient, we hypothesize that re-
gional fluxes can be described as an aggregate of fluxes for
six different stand types, which is motivated in part by
Mackay et al. [2002]. We evaluate this hypothesis by
comparing the fluxes of some stand types in the WLEF
footprint area to the WC and LC flux measurements.
[51] The ER values for stand types around the WLEF

tower are larger than the stands of the same type sampled by
the WC and LC towers. GEP values for the upland
deciduous forests in the WLEF footprint area are smaller
than that at the WC site. Therefore the magnitude of NEE at
the WC site is larger than those of the upland deciduous
forests around WLEF by a factor of about 3. These
comparisons suggest that the ER and GEP measured at
the WC site (an upland deciduous forest stand) are not
representative of those of the upland deciduous forests in
the WLEF footprint area. Unlike ER, GEP measured at the
LC site is similar to that for the lowland wetlands in the
WLEF footprint area. As a result, NEE at the LC site is
more negative and cannot represent the lowland wetland
ecosystem in the WLEF footprint area. These results sug-
gest that a more detailed classification scheme is needed for
both wetland and upland deciduous forest stand types.
Another possible explanation is owing to errors in the flux
decomposition, but the ER values are so different that it
seems unlikely that such errors would resolve the discrep-
ancies. Therefore the upscaling scheme based on the six
stand type classification is still improper.
[52] The high ER measured at the WLEF tower might be

in part due to the effects of the surrounding forested wetland
and aspen ecosystems whose respiration rates are higher
than others. The understory is sparse at the WC site
compared to the WLEF site, likely accounting in part for
the significant differences in the ER for the ecosystems with
the upland deciduous forests at the two sites. Other reasons
we do not rule out include the effects of other factors such
as canopy age and density, tree roots, soil, and litter quality
on the ecosystem respiration. Differences in GEP might be
due to plant species, canopy density, micrometeorological
conditions, and other biological factors. More observations
are needed to specially identify the differences in stands that
are critical to flux aggregation. Determining how to prop-
erly classify the ecosystem and design measurements is a
challenge for the bottom-up method.

5.3. Aggregation Experiments

[53] Despite our inability to present a landscape classifi-
cation scheme that reconciles WLEF flux data with those
from WC and LC, it is instructive to construct a variety of
aggregated flux measurements using these data. These
aggregations present a quantitative measure of the uncer-
tainty in regional fluxes that arises from the insufficient
classification schemes. Spatially aggregated estimates of
ER, GEP, and NEE are developed from the regional
vegetation map and four different combinations of tower
measurements and fluxes for the ecosystem types. In the
first aggregation method, the watershed-function level clas-
sification is used. The ecosystems of the regional vegetation
map are classified into two types, wetland or upland.
Wetland fluxes are represented by LC site measurements
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and upland fluxes are represented by WC site measure-
ments. In the second aggregation method, the stand type
level classification is used, where the inferred fluxes for the
six ecosystem types (Table 1) in the WLEF footprint area
are used to represent the entire region. The third aggregation
method is the same as the second one, with the exception
that WC data are used in place of the inferred flux for the
upland deciduous forest ecosystem type flux (type III) and
LC data are used in place of the inferred flux for lowland
shrub wetlands (type IV). In the fourth method, the fluxes
measured at the WLEF tower (see Davis et al. [2003] on
how to compute WLEF NEE) are integrated directly and
assumed to be regional estimates.
[54] Figure 7 compares the averaged daily integrated ER,

NEE, and GEP for each method during the growing season
in 2003. The aggregated daily ER is the lowest in method 1,
while no significant difference is found among the other
three methods. The magnitude of GEP estimated directly by
integrating the WLEF tower data with time (method 4) is
the smallest. There is no significant difference in GEP
among the three aggregations. The large ER and small
GEP result in the least negative NEE (smallest net uptake)
from direct integration of the WLEF tower flux data
(method 4). The large GEP and small ER result in the most
negative NEE (largest net uptake) in method 1. We hypoth-
esize that the results from method 3 might be the best
estimates as the broadest sample of observations are included
and the aggregated NEE is closest to that inferred from an
independent top-down method [Wang, 2005, Figure 6.1].
Unless other stand types covering large areas and having
fluxes falling out of the range of those presented here exist,

aggregations 1 and 4 suggest bounds for the regional fluxes;
the difference in the cumulative regional NEE estimate
between these two aggregations is large, about 400 gC m�2

over the growing season. This large difference found among
the small number of flux observations suggests that the range
of fluxes among stands in this region is greatly undersampled
in this study. This also shows the danger of using any single
flux tower to describe a large region.

5.4. Limitations

[55] Application of the decomposition method developed
here has several limitations. First, the accuracy of the
classification inherent in the vegetation map is potentially
important and has not been taken into account in this
analysis. The overall accuracy is in the range of about
40% to 90% depending on classes [WiDNR, 1998]. Mis-
classification of stand type will cause errors in the flux
decomposition and interpretation. The land cover data
cannot reflect recent changes in vegetation caused by
ongoing forest management and manipulation of water table
depth. A more accurate inventory of the stand types would
improve the representativeness of any aggregation and the
interpretation of the measurements at the WLEF tower.
[56] Second, satellite remote sensors have difficulty

detecting forest understory, litter, vegetation density, stand
age, and stand height, all of which may be needed to
describe the carbon exchange between forests and the
atmosphere. It appears that ecosystem fluxes are dependent
not only on stand type but also on those additional stand
features, as suggested by this study and as shown by another
study using additional stand-level flux measurements
[Desai et al., 2006]. Consequently, to aggregate the mea-
sured fluxes at towers more effectively, we need to consider
classification schemes which go beyond land cover (focus-
ing only on plant functional types) and take into account
additional ecosystem variables. This study does not have
enough data to define which variables must be included.
Identifying the variables needed and mapping them accu-
rately are challenges to the aggregation of carbon flux
measurements.
[57] Third, the precision and accuracy of the derived

functional parameters and fluxes are limited by the uncer-
tainty of the simulated footprints, the ecosystem models,
and flux measurements. The underlying flux decomposition
is sensitive to the uncertainty of the eddy flux measure-
ments, an uncertainty that is also difficult to evaluate
accurately despite many discussions in the literature. Errors
in the derived parameters can be resulted from the use of the
equal weights for all measured fluxes in the calculation. The
footprint models apply only over dynamically homoge-
neous surfaces; this is usually not met in practice. The
footprint uncertainty introduced by applying the models
over inhomogeneous surfaces cannot be quantified. In
addition, the effects of change in wind direction with height
on footprint estimates are not taken into account.
[58] Finally, using the decomposition method shown here

is impractical if the number of the stand types that must be
distinguished is too large. Larger stand type number results
in more unknowns; the requirements of accuracy for the
footprints, vegetation map, and flux measurements become
higher and are more difficult to meet. Experiments suggest
that results cannot be interpreted if the number is greater

Figure 7. Daily integrated, aggregated fluxes averaged
over the growing seasons (May through September) in
2003. (a) ER, (b) GEP, and (c) NEE from four aggregation
methods (see section 5.3). The error bars are the standard
deviations of the means; the uncertainty due to the
classification data is not considered.
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than 6. In practice, this method is likely to be used in
combination with other measurements or modeling.

6. Conclusions and Future Work

[59] An approach has been introduced to decompose
tower-based EC fluxes into NEE for stand types in the flux
footprint area. CO2 fluxes for six stand types are inferred in
a case study from the temporal flux series measured at the
WLEF tower in northern Wisconsin. The fluxes and func-
tional parameters of the six stand types in the WLEF
footprint area are compared with each other and with those
observed at the WC and LC sites. Regional fluxes with
different aggregation schemes are compared. Implications
from the case study, which may be worth mentioning, are
summarized as follows.
[60] First, from the perspective of footprint, measure-

ments at the WLEF tower may not be directly approximated
as regional NEE since the weight of each stand type to the
measured flux in the footprint area is different from the
fractional coverage of the corresponding stand type in
the region. It is hard to judge if temporally integrated
measurements can approximate region fluxes due to time-
dependent footprint over this heterogeneous area.
[61] Second, it is critical to distinguish wetlands from

uplands for flux aggregation. Moreover, within the broad
category of upland deciduous forests, aspen stands respond
differently from other deciduous hardwoods to the same
environmental conditions. There is also a distinction between
lowland shrub wetlands and forested wetlands. With and
without the stand type classification scheme and the differ-
ence between sites being considered, the difference in the
(cumulative) aggregated NEE can be as large as 250 gC m�2

over the growing season.
[62] Third, the six stand classification scheme still does

not capture all the variability in stand characteristics rele-
vant to CO2 exchange, though it is better than the wetland-
upland scheme. Compared to the same stands around in the
WLEF footprint area, higher magnitude of GEP and lower
ER are found at the WC site, and slightly lower magnitude
of GEP and lower ER are found at the LC site. These
differences for the same stand types at different sites imply
the flaw of the currently-used ecosystem classification
scheme. Other factors such as canopy age and structure
may be important in addition to land cover types.
[63] Finally, the growing season aggregate daily NEE

values in 2003 are about �1.79 ± 0.51 gC m�2 using the
stand-type classification scheme, �3.51 ± 0.27 gC m�2

using the watershed-function classification scheme (wetland
and upland), and �0.38 ± 0.13 gC m�2 directly integrated
from the WLEF data. These differences arise from the
insufficient classification schemes.
[64] The ability to derive fluxes and ecosystem parame-

ters that show reasonable distinctions among the stand types
suggests that this decomposition method has succeeded in
this application despite the numerous sources of uncertainty.
This method has the potential for upscaling and interpreting
flux measurements over heterogeneous areas. The precision
and accuracy of the results are limited by the accuracy of the
vegetation map, the estimated footprints, ecosystem models,
and flux measurements. Future efforts to improve the
proposed decomposition approach include: (1) quantifying

uncertainties in the vegetation map, footprints, and flux
measurements; (2) extending flux footprint research to
measurements with heterogeneous flows and complex sur-
face conditions and above the surface layer; (3) incorporat-
ing soil moisture into the ecosystem model for uplands and
wetlands; and (4) developing suitable ecosystem classifica-
tion schemes. More field measurements are needed to
confirm the finding here. Also, implications in the study
may help identify key ecosystem types and design field
measurements in the region. Regarding regional NEE esti-
mates, other independent approaches such as top-down
approaches should be used with the bottom-up approach
to provide more constraints.
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